Abstract.-The amino acid sequence of the four fragments produced by treatment of bovine carboxypeptidase A with cyanogen bromide has been completed. The alignment of these fragments, previously established by peptic digest of the whole protein, allows for the description of the complete primary structure of the molecule. A comparison of the proposed functional residues, identified by X-ray diffraction analyses, has either confirmed their assignments or provided their correct identity. The functional and structural residues of principal importance include Arg 145, Tyr 248, and Glu 270 as the binding site of the substrate carboxyl group, the proton donor, and the nucleophilic moiety, respectively, which were correctly assigned; His 196 as the third zinc ligand and Tyr 265 as the binding site of the a-carboxyl group have been corrected from their original X-ray assignments. The other two zinc ligands, His 69 and Glu 72, were identified previously from chemical and X-ray studies. The assignment of the two halfcystinyl residues and the postulation of the existence of a disulfide bond have been confirmed.
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The complete elucidation of the mechanism of action of any enzyme depends ultimately upon the detailed knowledge of the primary and three-dimensional structure of the protein molecule. These features must in turn be translated into a working hypothesis which is consistent with the pertinent chemical and physical properties describing the enzymatic function. As a step toward meeting this goal, the primary structure of bovine carboxypeptidase A has now been established. This enzyme has already served as the subject of many investigations, which have recently been reviewed,l1 2 and to the extent that it is possible, this communication is intended to correlate the features of the amino acid sequence which are most directly related to studies of the function3 and threedimensional structure.4
The principal route for the solution of the amino acid sequence was through the isolation and characterization of the fragments generated by the action of cyanogen bromide on the protein. This reaction yielded the four fragments expected from the three methionyl residues present in the protein.5 Isolation of the amino6 and carboxyl7 terminal fragments, designated FN and Fc, respectively, served as the first primary structural information on carboxypeptidase A. In addition, it was possible, through analyses of the FN fragments isolated from carboxypeptidases A prepared by different methods, 8' 9 to establish the relationship of the a, 6, and Sy forms of the enzyme. Subsequent purification of these forms by chromatographic techniques10 has confirmed these assignments. The a form of the enzyme, which has the longest polypeptide chain, possesses an FN fragment of 22 residues, while the f3 and y forms contain FN fragments of 20 and 15 residues, respectively.6' 10 The Fc fragment contains only six amino acid residues, but is distinguished by the fact that it contains an allotypic replacement site. This variation has been subsequently shown" to be linked to two additional sites in the molecule, creating the situation that bovine carboxypeptidase A can occur in two distinct forms which differ at three positions in the sequence. These types, which have been designated Val and Leu forms on the basis of the residues first found to occupy the replacement site in the Fc fragment, are equally distributed between the activation forms described above. As a result of the heterogeneity due to activation conditions and that due to allelomorphism, bovine carboxypeptidase A has been shown to exist in six unique forms, i.e., AaVal, ALeU, AOval, A6LCU, Ay Val, and A LeU.
The isolation and characterization of the remaining two fragments, designated tains 307 residues with a molecular weight of 35,268. The structure of the FII, fragment, reported previously,1 2 was deduced from the tryptic, chymotryptic, and thermolytic peptides."' 14 The fragment contains 81 residues and, in combination with the FN fragment, supplied the sequence of the first 103 residues. A comparison" 4of this structure with that obtained from X-ray diffraction studies, after suitable correction, indicated only minor disagreements at four sites.
The completion of the structure of the F, fragment" supplied the last piece of information necessary to give the entire primary structure of the molecule. The larger size and the greater difficulty of obtaining soluble peptides from this fragment necessitated the use of five different enzymic digests before the requisite alignments and overlaps were obtained. In all, peptides from digestions by trypsin, chymotrypsin, thermolysin, pepsin, and Nagarse were used to build the final structure. The data from these experiments, and those described above, have been assembled to yield the structure shown in Figure 1 .
In addition to the structures of FN, Fc, and F,,,, several segments of the F, fragment have been described previously. In each case, complete agreement was found between these segments and the final structure. These regions included residues 138-144 and 152-165 containing the half-cystinyl residues,'6 residues 247-250 containing the site of iodination reported by Roholt and Pressman,'7 and residues 280-293, the segment homologous to the thiol peptide of carboxypeptidase B. 18 In view of these residues, as well as several other segments that have been communicated privately to W. N. Lipscomb,4 no attempt has been made to correlate the degree of accuracy of the X-ray analysis in correctly identifying the amino acid side chains in this region of the molecule. 
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255 Table 1 in the order that they occur in the sequence of carboxypeptidase Aa. The first three residues listed occur in the Fill portion of the molecule and have been rigorously identified by both chemical and X-ray analyses." 4 Residue 127, identified by X-ray analyses as Gix has been established to be Arg, suggesting that the possible alternative mechanism involving this residue is unlikely. Residues 138 and 161 were identified by X-ray analysis as half-cystinyl residues joined in space by a disulfide linkage. The assignment of these residues has proved correct, and postulation of the disulfide bond has been consequently substantiated by chemical means. 19 It may, therefore, be concluded that the two half-cystinyl residues in bovine carboxypeptidse A do not participate in the binding of the catalytically essential metal ion.
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Residue 145 has been identified as an arginyl residue, and this assignment has been confirmed by the sequence analysis. The postulated role of this residue as the site of interaction of the free a-carboxyl of the substrate with the enzyme remains clearly plausible. Residue 196, which has been indicated as the third zinc ligand, has been established as a histidyl residue. This assignment is in contrast to the Lys (or Glx) identification of the X-ray studies but is consistent with the presence of two nitrogen and one oxygen ligand as argued for by Lipscomb et al.4 from instability constants of model compounds.20 Thus, the chelation structure which binds the Zn ion of carboxypeptidase A is composed of two his- Residue 198 has been assigned to a tyrosyl residue and attributed to forming part of the substrate binding site, as has residue 279. The assignment of the former has been confirmed, and the ambiguity associated with residue 279 (histidine or phenylalanine) has been resolved. The identification of this residue as phenylalanine, however, removes it from consideration as being involved in a possible alternate mechanism. The group of three residues at positions 247, 248, and 249 has been confirmed in its identification from the X-ray analyses4 and is in accord with the structure of the peptide isolated by Roholt and Pressman."7 Additional evidence' has also been obtained that tyrosyl residue 248 provides the major site of nitration (although quantitative data are still lacking) and supports the postulated role of this residue as a proton donor in carboxypeptidase-catalyzed hydrolysis of peptide substrates.3' 4 Residue 265 has been postulated as the site of internal bonding of the acarboxyl group of the polypeptide chain in a salt linkage to an arginyl residue. The identification of this residue as tyrosine negates this proposal but in turn allows for the possibility that the interaction with the a-carboxyl group is through a tyrosyl-carboxyl hydrogen bond rather than a salt linkage.
The role of glutamic acid 270 as the principal nucleophilic moiety remains a plausible hypothesis since the sequence analysis confirms the identity of this residue. The nature of the carboxyl terminal residue has already been established.7
Thus, the rigorous identification of the proposed functional residues of carboxypeptidase has confirmed, for the most part, the identifications made from the Xray studies and removed some of the areas of ambiguity. It has correctly established the probable chelate structure which binds the metal ion, has clarified the correct nature of the interaction of the a-carboxyl group, and has eliminated some of the possible alternate mechanisms proposed from the X-ray analysis.
Further examinations of the primary structure have indicated vestiges of gene duplication events accompanying the evolution of this enzyme and have been documented elsewhere. 22 The completion of the primary sequence of bovine carboxypeptidase A prepares the way for many additional studies. Besides allowing for the final refinement of the three-dimensional structure, it will make possible the extensive chemical and physical studies that are necessary to test the validity of the various postulated mechanisms and the relation of the crystal structure to the solution conformation of this enzyme.
